Gold (Au 0 ) and silver (Ag 0 ) nanoparticles were synthesized using tannic acid (TA) as both reducing and stabilizer. Nanoparticles formation, stability, and interaction with TA were compared to citrate-coated nanoparticles and monitored by UV-Vis, zeta potential, and transmission electron microscopy. TA coating resulted in a red-shift and broadening of bands compared to citrate-coated nanoparticles (NPs-Cit). AgNPs-TA and AuNPs-TA are negatively charged with mean surface charge of -29.4 mV and -29.6 mV, respectively. TEM images showed polydispersety of AuNPs-TA (6-42 nm) and aggregation of AgNPs-TA (12-71 nm).
INTRODUCTION
Leishmaniases are a group of infectious and non-contagious severe parasitic diseases, caused by protozoans of the Leishmania genus. The transmission occurs through blood meal of infected female sand flies of the genera Phlebotomus, that are considered as intermediate hosts of these parasites. The flagellate promastigote form of the parasite is present in the sand fly, and once engulfed by host macrophages, it converts into the aflagellate amastigote form (Kevric et al. 2015 , Carneiro et al. 2012 ). This disease is endemic in near 100 countries worldwide and affects 12 million people residing in tropical and subtropical areas. Annually, about 2 million new cases emerge worldwide, wherein 1.5 million are cutaneous leishmaniasis and 500,000 are visceral leishmaniasis, the most severe form Despite the extensive reports of antibacterial, antiviral and antifungal activities of metallic nanoparticles, researches focused on antileishmanial activity of these nanomaterials are still limited. Mohebali et al. (2009) demonstrated the efficacy of silver nanoparticles on L. major, with these being shown to be promising for treatment of cutaneous leishmaniasis. The same effect was observed by Torabi et al. (2011) with gold nanoparticles on L. major. Allahverdiyev et al. (2011) evaluated the antileishmania effect of silver nanoparticles on L. tropica based on investigation of their action on various cellular parameters of the promastigote and amastigote forms of parasite when in the absence and presence of UV light.
Allied to this, researchers have been focusing on "environmental friendly approaches" to produce biocompatible metallic nanoparticles from natural materials. For instance, Iravani and Zolfaghari (2013) prepared silver nanoparticles using Pinus eldarica bark extract and optimized the biosynthesis process. In another study, Dubey et al. (2010) synthesized gold and silver nanoparticles with spherical and triangular shapes, using Tanacetum vulgare (tansy) fruits extract. Finally, Sheny et al. (2012) produced hexagonal gold nanoparticles with an essential oil from leaves of Anacardium occidentale. In addition to plants, organisms such as fungi and bacteria have been also used to produce nanoparticles, but plants tend to reduce metal ions faster.
In this perspective, gold and silver nanoparticles were synthesized with a polyphenolic compound resulting in a hybrid nanomaterial. We used tannic acid (TA), a typical hydrolysable tannin derived from plants with diverse biological properties such as antioxidant, antitumoral, antimutagenic, antimicrobial and anti-inflammatory actions, in addition to its capability of interaction with proteins. Tannin structure contains digalloyl ester groups connected to a glucose central core ( electronic microscopy and spectroscopic techniques, zeta potential data, and pharmacological assays. et al. 2011 , Liu et al. 2014 , Abed et al. 2013 , Chung and Reed 2012 , Kumari et al. 2013 , Zhang et al. 2015 , Tikoo et al. 2011 ).
MATERIALS AND METHODS

CHEMICALS
There are reports that tannic acid has significant effect on dispersion and mobility of nanomaterials in aqueous medium (Zhang et al. 2015 , Espinasse et al. 2007 ). In nanoparticles formation, TA acts simultaneously as reducing agent and stabilizer due to the amount of hydroxyl groups and its dendritic macrostructure (Yi et al. 2011 , Bulut and Ozacar 2009 , Iravani 2011 . Nanoparticles stabilization may be influenced by factors shown by Brunel et al. (2009) . such as time, ionic strength, temperature, and pH.
Incorporation of natural products to synthesize hybrid nanomaterials promotes low environmental toxicity and less synthesis-associated biological hazards. Also, this practice contributes to developing stable and biocompatible nanomaterials, enhancing their value for medicine (Medici et al. 2015 , Agnihotri et al. 2013 , Silva et al. 2013 . In this work, TA was used as reducing and capping agent to synthesize silver and gold nanoparticles aiming at a more effective treatment for leishmaniasis. We investigated the formation, morphology, shape, size, surface charge, and antileishmanial activity, using In a reaction flask, 5 mL of 1.96 x 10 -4 mol·L -1 TA (9.8 x 10 -7 mol) were added on 5 mL of 4.04
x 10 -3 mol·L -1 AgNO 3 (2.02 x 10 -5 mol) at 25 °C. The mixture was kept under vigorous magnetic stirring for 5 h, until a brown colloidal dispersion of AgNPs-TA was observed. Citrate-coated silver nanoparticles (AgNPs-Cit) were prepared as comparative effect using the chemical reduction method proposed by Cañamares et al. (2005) . 1 mL of a 1% (w/v) trisodium citrate aqueous solution was added to 50 mL of a boiling 10 -3 mol·L -1 AgNO 3 solution and kept in this condition during 1 h, resulting in a turbid gray dispersion. Finally, AgNPs-TA and AgNPs-Cit were stored and protected from light for further use. CHARACTERIZATIONS UV-Vis spectra were recorded in absorbance mode (range 200-900 nm) with a double beam Allcrom UV-6100S spectrophotometer to track the formation of nanoparticles. Shape, morphology and particle size distribution were evaluated by Transmission Electron Microscopy (TEM, JEOL JEM 2011, 200 kV). A drop of each dispersion (AuNPs-TA or AgNPs-TA) was cast on the copper grid and allowed to dry at room temperature. Images were digitally obtained by the Gatan digital micrograph software package. The Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd.) was used to measure the zeta potential values from metallic nanoparticles coated by tannic acid, which infer about their surface charge and stability. Measurements for zeta potential were performed in triplicate, using 1 mL of each suspension at room temperature (25 °C). The plates reading was performed by an absorbance Biotek ELx800 plate reader, operating at 550 nm. Assays were realized in triplicate and shown in terms of growth inhibition (%).
CITOTOXICITY ASSESSMENT
The cytotoxicity of nanomaterials, as well as their precursors, was assessed by the MTT test (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). Macrophages were elicited from BALB/c mice. In a 96-well plate, it was added 100 µL RPMI 1640 supplemented and about 2x10 5 macrophages/well. Cells were incubated at 37 °C and 5% CO 2 , for 4 h and then, washed twice with RPMI 1640 supplemented medium, followed by addition of 100 µL of medium and TA, sodium citrate, AgNO 3, AgNPs-TA and AgNPs-Cit in concentrations ranging from 167 to 1. ) were added. The plate was again incubated at 37 °C and 5% CO 2 for 4 h, when the supernatant was discarded and 100 µL of DMSO were added in wells. The plate was placed on a Kline stirrer (model AK 0506) for 30 min at the room temperature. Finally, reading was performed at 550 nm and results were expressed as mean cytotoxic concentration (CC 50 ), which is the toxic concentration for 50% of cells.
STATISTICAL ANALYSIS
All tests were carried out in triplicate and all results were expressed as mean ± standard error of the mean (SEM). Data obtained for each experiment was compared by One-Way Analysis of Variance (ANOVA) followed by post hoc Bonferroni's Multiple Comparison Test, utilizing Graph Pad Prism program software version 5.0. Inhibitory and cytotoxic concentrations at 50% (IC 50 and CC 50 , respectively) were calculated using probit regression analysis (IBM SPSS Statistics 20.0.0 program). P-values < 0.05 were considered statistically significant.
RESULTS AND DISCUSSION
It is well-known that some metallic nanoparticles show absorption bands in the visible region due to collective oscillation of electrons in resonance with incident electromagnetic radiation, called surface plasmon resonance (SPR) band (Melo et al. 2012 ). Thereby, AuNPs-TA and AgNPs-TA formation was first confirmed by electronic spectroscopy (Fig. 2) through their respective SPR bands at 529 and 475 nm, since these bandas are typical of the nanosized gold and silver, respectively. Note in the spectra, for both cases, the absence of bands of the precursors' salts, suggesting the reduction of the metallic species.
Electronic spectra of precursors were compared to the TA and citrate-coated nanoparticles to evidence the reduction process ( Figure S1 Supplementary Material). For TA, two bands were observed at 207 nm (ɛ = 11151. . It is important to point out that sodium citrate does not show any absorbance in the UV-Vis spectrum (Mishira et al. 2013) .
TA-coated gold and silver nanoparticles SPR bands were red-shifted compared to values reported in literature, 520 and 380-450 nm, respectively (Sharifi et al. 2015 , Silva et al. 2013 . This bathochromic effect is likely caused by the supramolecular interaction between the nanoparticles and the surface-protecting TA polyphenol, altering the electron transfer energy. Besides shape, size and type of the material, the position of the SPR band is highly dependent on the dieletric constant of the surrounding medium, once it changes the resonance frequency of the electrons onto NMNPs' surface (Song and Jing 2017 , Martinsson et al. 2014 , Mahmoud et al. 2012 .
AuNPs-Cit and AgNPs-Cit were synthesized to understand and evaluate the effect of TA on the SPR bands and antileishmanial activity. For this purpose, sodium citrate, a weaker reducing agent, was employed in the growth solution. It is interesting to emphasize that small and spherical nanoparticles can be generated in the presence of a strong reducing agent (e.g., sodium borohydride), however, these nanoparticles are highly unstable without a stabilizing agent, tending to agglomerate, and then, precipitate. (Agnihotri et al. 2014 ). LOURDES C.S. LOPES et al.
AuNPs-Cit and AgNPs-Cit exhibited SPR bands at 519 and 442 nm, respectively, which are values consistent with those previously reported (Fig. S2) (El-Bashir et al. 2013 , Silva et al. 2013 ). Furthermore, both TA-coated nanoparticles have broader bands than citrate-coated ones, indicating an increase in the size or aggregation of nanoparticles (Melo et al. 2012) , later proved by TEM measurements. Tyndall effect, an optical phenomenon inherent to colloidal systems that consist of incident light scattering, was observed for all nanomaterials (inset of Fig. 2) .
AgNPs-TA and AuNPs-TA size, shape, and polydispersity were investigated by TEM measurements. AgNPs-TA formed aggregates due to the approximation between nanoparticles with sizes from 12-71 nm, which prevented the particle size count (Fig. 3a) , agreeing with the broad band behavior observed for AgNPs-TA (Bulut and Ozacar 2009, Asharani et al. 2008 ). The drying process for TEM sample preparation, also promotes non-homogeneous deposition, thus, nanoparticles may aggregate as the solvent evaporates (Michen et al. 2015) . For AuNPs-TA, TEM images indicated the formation of polydisperse spherical particles from 6-42 nm each as shown in Fig. 3b . AuNPs with similar features were recently synthesized by Silva et al. (2013) , using chitosan polymer as a stabilizing agent. The distribution and the absence of agglomerates, in both cases, prove that the organic compound avoids the nanoparticles agglomeration. Histograms of the particle size distribution of 322 nanoparticles showed an approximate mean diameter of 23.0±0.8 nm (Gauss fit, Fig. 3c ). TA coating increases particle size compared to conventional methods, which also influences on nanoparticles growth. Recently, Santos et al. (2016) studied the influence of TA in the synthesis step of Fe 3 O 4 nanoparticles with several sizes and shapes.
Zeta potential measurements were obtained to evaluate surface charges and stabilities of AgNPs-TA and AuNPs-TA colloidal dispersions. Mean surface charge values for AgNPs-TA (ζ = -29.4 mV) and AuNPs-TA (ζ = -29.6 mV) indicated that the metallic nanoparticles surfaces were negatively charged. In general, positive or negative zeta potential values depend on some factors (Ostolska and Wisniewska 2014) as: 1) pH of the medium; 2) type of functional groups present in the stabilizer and 3) molecular weight of the material of interest. Since the pK a value ca. 10.0 of TA (Lopes et al. 1999 , Herrera-Becerra et al. 2010 ) was higher than the pH value of colloidal dispersions of the hybrid materials (3.5 and 4.0 for Au and AgNPs coated by TA, respectively), the gallic acid units that form TA are probably partially ionized in the hydroxyl paracarbonyl position due to its steric hindrance (or molecular weight) in acidic medium. In addition, the hydroxyl meta-carbonyl position is better stabilized by resonance than its conjugate base. Therefore, in these cases, there is an unbalance of charge on AgNPs (or AuNPs) surface (containing TA) due to adsorbed polyphenolic compounds and dissociated functional groups present in their structures that probably are responsible for the negative values of the zeta potential exhibited by colloidal dispersions. Also, the high values of zeta potential exhibited by hybrid materials also explain why the tannin prevents the coalescence between nanoparticles, as evidenced by TEM technique, and their high colloidal stabilities. Furthermore, these values are consistent with those presented by Dubey et al. (2010) who used Tanacetum vulgare (tansy) fruits extract as reducing agent in the formation of significantly stable silver (ζ = -26 mV) and gold (ζ = -31 mV) nanoparticles.
Unfortunately, the FTIR and NMR measurements for AuNPs-TA and AgNPs-TA materials were inconclusive, even after altering experimental conditions. For example, in aqueous medium and supported onto solid substrate the FTIR spectra for AgNPs-TA, AuNPs-TA and TA exhibited practically the same behavior with stretches and bands of the main functional groups (carbonyl, aromatic rings and phenolic hydroxyl) without displacement or change in the signal intensities, due to the low concentration of the Ag and Au nanoparticles when compared to TA compound. The concentration of nanomaterials also compromised in NMR experiments.
The need for new and more effective treatments in the fight against leishmaniasis comes from the high toxicity of currently applied drugs and the emergence of resistant parasites (Maquiaveli et al. 2017 , Carneiro et al. 2012 , Jebali and Kazemi 2013 , Vieites et al. 2009 , Allahverdiyev et al. 2011 . In this context, in vitro antileishmanial assays were performed with L. amazonensis promastigotes. AgNPs-TA (Fig. S3) caused total inhibition at the concentration of 110 µg·mL -1 , while TA showed less efficacy and there was not total growth inhibition for tested concentrations. Inhibitory effects of these substances are grouped in Fig. 4 . IC 50 values were determined as 221.81±97.08 µg·mL -1 and 5.85±1.76 µg·mL -1 for TA and AgNPs-TA, respectively (Table I) , thus, confirming the increment of the antileishmanial activity for AgNPs-TA near by 40 times. AgNPs-Cit (IC 50 = 6.96 ± 3.49 µg·mL -1 , Table I ) promoted growth inhibition in the first four concentrations, similarly to AgNPs-TA (Fig.  S4 ). This agreement between the IC 50 values corroborates to the efficacy of nanosilver against Leishmania amazonensis. Based on microscopic views obtained after quick panoptic staining (Fig. 5) , we found that promastigotes retained their morphologies when exposed to AuNPs-TA and AuNPs-Cit, as well as in the control group (Fig. S5) , while with AgNPs-TA and AgNPs-Cit, promastigotes assumed an atypical appearance due to the disruption of their membranes, being impossible to distinguish their shape. Furthermore, the cells number decreased significantly comparatively to the control group. The appearance of parasites in the presence of AgNPs-TA and AgNPs-Cit suggests some possible mechanisms of action. Previously literature, report that silver attacks bacteria's cell membrane surface, altering permeability, osmotic equilibrium and thus, metabolic pathways of the cell. Silver nanoparticles may also bind to the DNA, preventing replication (Jebali and Kazemi 2013 , Perni et al. 2009 , Allahverdiyev et al. 2011 , Durán et al. 2010 . Future works should be conducted to elucidate the mechanism of action of the TA-coated nanosilver on Leishmania.
AuNPs-TA and AuNPs-Cit did not show antileishmania activity at any tested concentration. This can be associated with the inert nature of the metal against aggressions of corrosive nature (Pereira et al. 2007) .
Cytotoxic activity evaluation is essential in the search for specific and less toxic antileishmanial agents. In this sense, TA and citrate were noncytotoxic (Table I ) while the silver salt had high cytotoxic activity, with cell death near 80% at 0.0022 µg·mL -1 . AgNPs-TA (CC 50 = 2.38±1.44 µg·mL -1 , Table I ) and AgNPs-Cit (CC 50 = 17.10±4.32 µg·mL -1 , Table I and Fig. S6 ) had high cytotoxicity (Fig. 6) , which demonstrated that tannin and citrate coating attenuate the toxicity of nanosilver.
Literature extensively reports antibacterial, antiviral and antifungal activities of metallic nanoparticles; however, researches aiming at antileishmanial activity of these nanomaterials are still limited. Mohebali et al. (2009) demonstrated the efficacy of silver nanoparticles on L. major, with these being shown to be promising for treatment of the cutaneous leishmaniasis. The same effect was observed by Torabi et al. (2011) with gold nanoparticles on L. major. Allahverdiyev et al. (2011) evaluated the antileishmania effect of silver nanoparticles on L. tropica based on investigation of their action on various cellular parameters of the promastigote and amastigote forms of parasite when in the absence and presence of UV light. Hence, the importance of evaluating the activity of AuNPs-TA and AgNPs-TA on L. amazonensis, whose synthetic routes employed a natural origin compound abundant in the Brazilian northeast (Mohebali et al. 2009 , Toraby et al. 2011 .
In this work, we showed that the synergism between tannic acid and silver nanoparticles, into the hybrid nanomaterial (AgNPs-TA), potentiated the tannin activity by about 40 times. This synergism was also responsible for attenuating the cytotoxicity of silver (Table I) . These results open a possibility of studing new materials containing polyphenolic derivatives with promising application in the treatment of neglected diseases. Moreover, our findings suggest that these hybrid nanomaterials can be used as anionic polyelectrolytes in fabrication of thin films, aiming to (bio)sensors development for biomedical application.
CONCLUSIONS
We evaluated the inhibitory effects of TA-coated silver and gold nanoparticles against Leishmania amazonensis promastigotes. Tannic coating of silver and gold nanoparticles resulted in two different supramolecular arrangment types and suffered red-shifts on their SPR bands. No antileishmanial activity was verified for gold nanoparticles under studied conditions. On the other hand, silver nanoparticles immobilized on tannic acid have potential application as an antileishmanial therapeutic. A similar behavior was observed for AuNPs-Cit and AgNPs-Cit, however, tannin incorporation is necessary to increase nanoparticles stability and improve their dispersion. Furthermore, the use of natural compounds contributes to the development of clean, nontoxic, biocompatible and environmentally benign approaches to synthesize noble metal nanoparticles.
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